One of the most intriguing phenomena in glass forming systems is the dynamic crossover (T B ), occurring well above the glass temperature (T g ). So far, it was estimated mainly from the linearized derivative analysis of the primary relaxation time τ (T) or viscosity η(T) experimental data, originally proposed by Stickel et al. [J. Chem. Phys. 104, 2043 (1996 (2011)]. We present a qualitatively new way to identify the dynamic crossover based on the apparent enthalpy space (H a = d ln τ /d(1/T )) analysis via a new plot ln H a vs. 1/T supported by the Savitzky-Golay filtering procedure for getting an insight into the noise-distorted high order derivatives. It is shown that depending on the ratio between the "virtual" fragility in the high temperature dynamic domain (m high ) and the "real" fragility at T g (the low temperature dynamic domain, m = m low ) glass formers can be splitted into two groups related to f < 1 and f > 1, (f = m high /m low ). The link of this phenomenon to the ratio between the apparent enthalpy and activation energy as well as the behavior of the configurational entropy is indicated.
I. INTRODUCTION
The underlying origin of the glass transition is considered as one of great challenges of the modern condensed matter physics and the material science at the beginning of the 21st century. [1] [2] [3] [4] Its most surprising feature is an extraordinary increase of viscosity (η) or structural (primary) relaxation time (τ ) by 15 decades taking place above the glass temperature (T g ), for (T m − T g )/T g < 0.3 (T m is for the melting temperature). [1] [2] [3] [4] [5] [6] [7] The parameterization of η(T) or τ (T) behavior in the supercooled domain is still the basic artifact in searching for the ultimate theoretical model. 4, 5, 7 This is supported, by surprisingly universal behavior seen in log 10 η or log 10 τ vs. T g /T plots, with the metric known as the fragility and being defined as:
where the function x(T) is for η(T) or τ (T) experimental data (T > T g ), the index " P " stays for the isobaric steepness index m P (T). It is assumed that τ (T g ) = 100s, η(T g ) = 10 13 P and the fragility is defined as the steepness index m P (T) at T = T g .
The vitrification is essentially a kinetic phenomenon and consequently the value of the glass temperature depends on the rate of cooling. 7 Notwithstanding, the fact that pre-vitrification phenomena appear well above T g it shows some similarities to pretransitional anomalies on approaching a continuous phase transition. 10, 11 The most classical way of parameterization of τ (T) or η(T) behavior is the VogelFulcher-Tammann (VFT) equation, namely, [4] [5] [6] [7] [8] [9] [10] [11] [12] τ (T ) = τ 0 exp
where T 0 T g denotes the VFT estimation of the "ideal" glass transition: most often T 0 = T g − (30 ÷ 40 K), D T is the fragility strength coefficient which is considered as an alternative measure of fragility: m = m P=0.1 MPa ≈ 16 + 590/D T , for T = T g .
For strongly non-Arrhenius dynamics (fragile glass formers) m = m P (T → T g ) is large and D T is small, whereas the opposite takes place for the near-Arrhenius behavior (strong glass formers). Although the VFT equation is essentially empirical, it can also be derived from some basic theoretical models for the glass transition physics.
One of the most important models, proposed by Doolittle 13 and later extended by Greet and Turnbull, 14 is associated with the free volume approach. They assumed that molecules in the supercooled state need a "free" volume υ f (T) to rearrange what finally lead to the equation: 13, 14 
where υ f is for apparent free volume and υ g denotes the volume at the glass transition. For υ f /υ g = χ T (T − T 0 ) (χ T is the isothermal compressibility) the VFT equation can be recovered. The hypothetically universal empirical value of the activation coefficient B was suggested to be 0.9 ± 0.3. 14 Another important model was introduced by Adam and Gibbs (AG) who invoked the concept of cooperatively rearranging regions (CRRs), being defined as the smallest volume changing its configuration independently from neighbouring regions. 15 As the temperature is lowered CRRs are growing and consequently:
where μ is defined as the conventional free energy barrier to rearrangement, S C the excess (configurational) entropy of the Kauzmann paradox, which itself depends on the value of the configurational heat capacity S C = C P ln T/T K , and A is a constant. 16, 17 indicated that the validity of VFT description in supercooled glass forming liquids is associated with the linearity at ϕ T = [dlog 10 τ /d(1/T)] −1/2 vs. 1/T plot. In subsequent years, it became a key tool for estimating the so-called dynamic crossover temperature T B between two dynamic domains. 7, [18] [19] [20] [21] [22] [23] [24] It was shown that at least two VFT equations are desired for describing pre-vitrificational slowing down in a broader range of temperatures. The temperature T B has been also recognized as a milestone in the way on approaching T g since a lot of exceptional phenomena disclose there, for instance: [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] (1) the loss of ergodicity as predicted by mode-coupling theory (MCT), (2) increasing broadening of the structural relaxation time distribution, (3) a marked change in temperature dependence of the nanopore unoccupied volume radius, (4) splitting of the high temperature relaxation into the primary and secondary relaxation times, (5) orientational-translational decoupling, (6) for a broad set of supercooled systems τ (T B ) = 10 −7±1 s or η(T B ) ≈ 10 3 P-i.e., it is near-universal, (7) τ (T B , P B ), η(T B , P B ) = const for a given glass former, (8) it is believed that the dynamical crossover is closely related to the onset of caging and appearing of dynamical heterogeneities, (9) the coefficient D T in the VFT equation almost always increases on crossing to the dynamical domain in the immediate vicinity of T g . The latter may indicate that always a fragile (F) to less fragile or strong (S) transformation when passing T B occurs. This process is associated with the permanent increase of the steepness index, which finally at the glass temperature may reach values linked to the fragile pattern (m > 30). 22 These facts are worth stressing because the dynamic crossover is sometimes linked to the "FS" crossover. 32 However, there are fundamental weak points in the discussion employing the "Stickel analysis" carried out so far, namely: (1) an impressive number of papers discussing the dynamical crossover explores only the "formal" plot ϕ T vs. 1/T, or its pressure counterpart ϕ P = (dlog 10 τ /dP) −1/2 vs. P, without an attempt of finding a possible physical meaning hidden behind [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] (2) the general validity of the VFT equation, underlying ϕ T (T) "Stickel" function, has been strongly questioned in recent years.
Regarding the latter, it is advised that VFT parameterization may lack the physical meaning: Tanaka et al. 34 reported a compilation of experimental data showing that the identification T 0 = T K is not confirmed by experiments. Even stronger conclusion was pointed out by the theoretical analysis of Eckmann and Procaccia, 35 who explicitly demonstrated that the configurational entropy is finite at any temperature and concluded that the Kauzmann temperature may not exist. Hecksher et al., 5 collected 42 sets of τ (T) experimental data in supercooled liquids and performed a fitting comparison between the VFT, Avramov-Bässler (AB, τ (T) = τ 0 exp (B/T n ) and two other formal equations without a finite temperature divergence. 36, 37 It was concluded that there are no compelling evidence justifying the dominance of the VFT description for describing dynamics in supercooled liquids.
Recently, to overcome these problems, Mallamace et al. 32 advised to explore the MCT critical-like equation (discussed briefly below) for estimating T B .
Very recently, Mauro et al. 38 employed the constraint theory to the Adam-Gibbs model basic Eq. (4) and obtained the relation earlier introduced empirically by Waterton 39 in 1932. The application of the Waterton-Mauro equation (WM), 38, 39 showed its superior fitting quality in comparison to VFT and AB parameterizations. It is noteworthy that the WM equation does not exhibit a finite temperature singularity below T g , which is the key feature of the VFT relation, 23, 40 underlying the "Stickel linearization."
The basic importance of the dynamic crossover was recently concluded in Ref. This statement can be strengthen by several fundamental theoretical and simulation studies which have suggested a change in the nature of the dynamics of supercooled fluids, leading to the concept of a dynamic crossover as a milestone point on the way towards the glass transition. The review of these studies, focusing on molecular dynamics approach, was given by Anderssen, 41 who indicated also serious limitations associated with understanding the meaning of the crossover. Hence, also from this point of view, novel results regarding the dynamic crossover phenomenon can be of basic importance.
This paper presents new investigations of the dynamic crossover phenomenon which explore the apparent enthalpy space properties. Reasoning is supported by the analysis of τ (T) data for 27 supercooled glass forming systems, including low molecular weight liquids, polymeric liquid and hardly discussed liquid crystals and orientationally disordered crystals. Two questions are focused: How to determine the dynamic crossover beyond the VFT equation? What is the physical meaning of the dynamic crossover hidden behind?
II. APPARENT ACTIVATION ENTHALPYANALYSIS
In recent years, novel equations yielding more optimal parameterizations of τ (T) or η(T) experimental data, and questioning the general validity of the VFT relation, appeared. 5, 25, 38, 39 Particularly, noteworthy seems to be the Waterton-Mauro (MW) equation 38, 39 which validity has been regained recently: 23, 38, 40 
It is worth stressing that it has no final temperature divergence, which is characteristic for the VFT dependence. Notwithstanding, for selected types of glass formers, such as liquid crystals or orientationally disordered crystals, an ultimate prevalence for the critical-like parameterization was proved, namely, 10, 22, 23, 54 
where the exponent φ → 9, in fair agreement with dynamical scaling model (DSM) predictions. Most often
It is noteworthy that an analogous equation holds in the high temperature domain of probably all supercooled systems. In this case the power exponent is in fair agreement with the MCT predictions (φ = 1.4 ÷ 4) and 22 , such analysis can lead to an impressing error due to the very large value of T. This problem can be overcome employing the linearized enthalpy-space and derivative-based analysis. 22 Regarding the physical meaning of the "Stickel function" 16, 17 ϕ T it is worth recalling that generally the nonArrhenius behavior can be described by the "apparent" Arrhenius function:
The general form of the evolution of the activation energy E a (T) is unknown, but the first derivative of Eq. (7) yields:
where R denotes the gas constant and H a (T) stands for the apparent activation enthalpy. Using the VFT Eq. (2) one obtains: 22, 23 (
This relation recalls the ϕ T (T) "Stickel function": 16, 17 since ln τ = log 10 τ /log 10 e. Consequently, both plots ϕ T and (H a ) −1/2 vs. 1/T are linked to the evolution of the apparent enthalpy and are shadowed by the hypothetical validity of VFT equation. 22, 23 In each case, the region of the validity of the VFT equation is indicated by linear domains, for which the linear regression analysis yields optimal values of the basic parameters, T 0 = B/A and D T = 1/AB, prior to τ (T) ultimate fitting via the VFT equation. 22 It is noteworthy that a linearized derivative-based linearized approached can also be developed for the WM equation, namely, 23 ln
For the optimal selection of C constant, a linear dependence at the plot ln[H a /(1 + C/T )] vs. 1/T will show the domain of the validity of the WM equation. 23 The experimental evidence revealed the manifestation of the dynamical crossover via the inflection point also at such plot. Its loci appeared to approximately independent from the value of C and then for estimation of T B a simple plot ln H a vs. 1/T can be used.
23, 42

III. ON THE NEW PLOT
For discussing the new plot it is important to clarify the difference between the apparent activation enthalpy and activation energy. The latter E a (T ) = E a (T )/R = T ln (τ/τ 0 ) cannot be estimated from the derivative of dln τ /d(1/T), which determines the activation enthalpy. 22 From Eq. (7) we can easily demonstrate that
Assuming the validity of the AG model equation E a (T ) ∝ C/S c (T ) one can show further the link to the configurationally entropy
and
The latter relation means that slope a(T ) = d ln H a /d(1/T ) at ln H a vs. 1/T graph can be defined by the solution of the differential equation of the configurationally entropy, namely,
The same configurational entropy equation was obtained by the energy landscape analysis of Naumis 43 and the temperature-dependent constraint model of Gupta and Mauro. 44 
It can be recovered for constant values of a(T). Materials with dynamical crossover can be ascribed by a departure from the constant slope a(T).
On the other hand, considering directly the AG model via Eq. (4) and the free volume via Eq. (3), one can interrelate the TABLE I. The set of glass forming systems used in the analysis, including its symbol abbreviation, temperature interval in which τ (T) data were available RT[K], frequency interval for the dielectric loss measurements determining the relaxation times (Rlog 10 ν) and source references. configuration entropy and the free volume
where A is a constant. Relations (13) and (15) lead to
Consequently, the tangent at ln H a vs. 1/T plot can also be associated with the change of the free volume thermal expansion coefficient α f = (1/υ f )(∂υ f /∂T).
IV. RESULTS AND DISCUSSION
In the given paper we consider 27 sets of τ (T) data for supercooled glass forming systems, which are presented in Table I . Explicit the way of treatment of experimental data is discussed for supercooled phenyl-salicylate (Salol) (Ref. 45 ) and 2-methyl-tetrahydrofurane (MTHF). 46 For the analysis essentially important were higher order derivatives of ln τ (1/T). However, they are strongly influenced by the noise distortion, limiting reliable conclusions appearing due to the experimental error. 5 To overcome this fundamental problem, we used the Savitzky-Golay (SG) filtering procedure. 47, 48 It is based on the fitting of a subgroup data point are n = 2m + 1 integer with m positive integer from 1
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On: Thu, 09 Jan 2014 00:14:02 (9) and Ref. 22) . Note that the same pattern of the temperature evolution occurs for both compounds. The simple Arrhenius behavior domain should appear as a horizontal line. Note that the crossover temperature from the "Stickel-type" 16, 17, 22 analysis is denoted by T B .
to 12, to a polynomial of degree p (p ≤ 2m) in the last-squares series:
It converts each points of this subgroups to temporary coordinate system in which the ordinate values range from i = −m to i = m, where the midpoint is defined as i = 0. All the data within the window is used to perform a least square fit of Eq. (17), but only the central point is smoothed for each window position. It allows a reduction of the experimental noise keeping its higher moments. Consequently, it provides a way for obtaining the dominated functional behaviour of noise-distorted derivatives. Figure 1 shows results of the derivative-based analysis of the primary relaxation time for Salol and MTHF, focusing on the hypothetical validity of the VFT parameterization, via Eqs. (2) and (9). For both compounds the same pattern of behavior occurs, namely, the increase of D T parameter in the VFT equation on moving from the high to the low temperature dynamical domain. This can suggest that, a supercooled liquid is stronger (less fragile) in the dynamical domain close to T g . However, parallel the steepness index m P (T) increases continuously on approaching T g . The comparison with a large number of "Stickel plots" available in the literature 7, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] indicates that this is a typical pattern for glass formers which have been tested so far. . The latter values were precisely estimated via the linearized derivative analysis proposed in Ref. 22 .
Values of the dynamic crossover temperature and the glass temperature can be correlated via:
The ultimate estimation of the dynamical crossover makes possible the analysis related to derivatives of plots presented in Fig. 4 . However, they are related to the third derivative of basic τ (T) data, and then it they suffer seriously from the consequences of the related experimental error. In practice this artifact causes that reasonable analysis of τ (T) data were reduced so far to its second order derivatives. 5 Notwithstanding, the application of the (SG) filtering procedure enables to obtain reliable output even for highly distorted data, as also shown in Fig. 4 . All the data within a window of n = 2m + 1 point is used to perform the least This way of analysis was used for estimating the crossover temperatures for the collected compounds showed in Fig. 3 . It is worth stressing that Figs. 2 and 4 show different patterns of behavior on passing T B for Salol and MTHF ("up" and "down" modes). This feature is not visible for the Stickellike, VFT based analysis (Fig. 1) . Figures 1 and 2 show that there two sets of parameters in a supercooling glass forming liquids, both for VFT or WM equations, in subsequent dynamic domains.
One can consider apart from the real fragility index m low = m = m P (T g ) also the virtual fragility index associ- FIG. 5 . The relationship between the normalized dynamical crossover temperature and the fragility ratio for the subsequent dynamical domains. The "up" and "down" behaviours are manifested at ln H a vs. 1/T plot. The parameters m low = m = m P (T g ) and m high = m P (T g ) define the fragilities for the low and high temperature domain around T B where T g is ascribed to the virtual extrapolated glass temperature and T g to real glass temperature. ated solely for the high temperature dynamical domain system m high = m P (T g ) and estimate the virtual extrapolated glass temperature T g , from the condition τ (T g ) = 100 s via VFT or MW equations based on the optimal parameters for the high temperature dynamical domain. Consequently, one can introduce the fragility ratio defined as f = m high /m low . Such factor was in fact already considered by Zhang et al. 49 for describing the Fragile-Strong (FS) transition of metallic glassforming liquids. We noted that only one WM equation was used for describing the previtrificational slowing down issue and they did not take in to account the dynamic crossover issue near to T g , reporting always values of (f) larger than the unity. 49 Figure 5 presents the normalized dependence of the dynamic crossover temperature T B /T g vs. the fragilites ratio f for all tested glass forming systems. It reveals the clear link of f > 1 and f < 1 values of the fragilities ratio and to the "up" and "down" behavior near T g noted above. The vertical line (f = 1) defines the boundary between those groups material. The horizontal line is for T B /T g ≈ 1.2 often indicated as a typical one, although the dependence of T B from the fragility m = m low (T g ) was also reported. 25, 32 From Eq. (12), one can define a scaling function which can yield an insight into the evolution of the configurational entropy, namely,
This makes it possible to define a new scaling plot as δ(T)/|δ(T B )| vs. T B /T, which is presented in Fig. 6 . The clear scaling takes place in the high temperature dynamic domain but in the low temperature domain T g < T < T B a split into "up" and "down" modes occur. Figure 6 makes it possible to link this feature to the evolution of the configurational entropy and eventually to the development of CRR-heterogeneities.
The summary of relevant parameters and fitting results is given in Tables I and II ) is the dynamic crossover temperature. The straight line is a guide for eyes to visualize the "up" and "down" modes for the low temperature dynamic domain close to T g .
